Genome sequencing projects have led to a rapid growth in the amount of raw sequence data flowing into standard databanks. The development of methods to rationalize sequence relationships in a simple and intuitive way will enhance our ability to utilize this wealth of data. Methods for generating a coordinate set in a low number of dimensions, that effectively represent the similarity or distance relationships between multiple sequences, have been published by several groups (van Heel, 1991; Higgins, 1992; Casari et al., 1995; Agrafiotis, 1997) .
The distance geometry method (Crippen et al., 1988) is well known for its use in problems such as determining protein structure from NMR-derived NOE distance data (Havel and Wuthrich, 1985; Braun, 1987) and in the automated construction of protein homology models using restraints derived from homologous proteins (Havel and Snow, 1991) . Distance geometry is closely related to principal component/ coordinate methods used in some of these previous reports and the following properties of sets of distances are important in understanding the differences in the applicability of the methods.
Euclidean distances: if the coordinates of two points x and y relative to a set of n-dimensional orthogonal axes are known, then the Euclidean distance is given by:
When the distances are known, but the coordinates are not, then the Euclidean nature of the distances can be assured if the origin-centred distance squared matrix is shown to have only non-negative eigenvalues, i.e. it is positive semi-definite (Gower, 1966) .
Metric distances: any set of distances that obey the triangle inequality
is said to be metric. Euclidean distances must be metric distances, but the converse is not necessarily true. Both distance geometry and principal coordinate analysis generate a coordinate set by finding the eigenvalues and eigenvectors of an origin-centred distance squared matrix (Crippen et al., 1988; Gower, 1966) . The eigenvectors corresponding to the largest eigenvalues are selected as the axes used to generate the coordinate set. The relationship between principal coordinate analysis and principal component analysis has been made clear by Gower (1966) . Distance geometry is applicable to molecular structure applications because it can deal with uncertainties and missing values in the distance data; this is possible because distance bounds are used, usable bounds for missing values can be inferred by repeated application of the triangle inequality (Crippen et al., 1988) . Only a metric distance set is required for the method to proceed to completion. Distance geometry codes typically compute only the three largest eigenvalues and the corresponding eigenvectors.
The multivariate statistical sequence analysis approach of van Heel (1991) reduces each of n protein sequences to a 400-dimensional vector whose elements represent a count of the dipeptide frequency, this n × 400 matrix is then utilized in a principal component analysis. This approach completely avoids the need to align pairs of sequences, but does, to some extent, sacrifice the full information present in the sequence. This method was applied to a set of 9975 sequences selected from the PIR databank and used to classify these into a set of 600 protein families. Casari et al. (1995) represent each of n sequences of length k in a multiple sequence alignment as a row in a matrix of dimension n × 20k, where all elements are 0 or 1. They construct a comparison matrix counting the number of identities between two sequences and apply a principal coordinate analysis to generate low dimensional spaces of the Ras-Rab-Rho superfamily and SH2 domain sequences. The equivalent principal component analysis reveals residues likely to be involved in the protein function. The treatment of gaps in the alignment was not explicitly discussed. Higgins (1992) describes the application of principal coordinate analysis to generate two-dimensional views in a three-dimensional subspace for globins and 5S RNA sequences. An n × n distance matrix is calculated from a multiple alignment by taking distance as (Gower, 1971) :
Such distances are Euclidean if any alignment position with a gap in any sequence is ignored or a gap can be treated as a different residue type. Coordinate sets corresponding to distances obtained from sets of pairwise alignments were not considered because the distance scores thus obtained cannot be guaranteed to be even close to Euclidean. Smith et al. (1981) have shown that Needleman and Wunsch's (1970) and Sellers' (1974) algorithms for global sequence alignment are equivalent, provided that unmatched terminal subsequences are scored in the same way as gaps. In addition, the distance measure which is a minimum for the optimal alignment produced by the Sellers algorithm was shown to be metric. Thus, distance geometry can utilize sequence-sequence distance measures from both pairwise and multiple sequence alignments, and may be considered complementary to the existing methods.
HTML and VRML forms of the figures discussed here can be found at http://www.nibsc.ac.uk/dg3dseq/. Figure 1 . show the application of distance geometry to a set of cDNA sequences representing isolates of the mumps virus SH (small hydrophobic protein) gene. Figure 1a corresponds to a Sellers distance measure obtained from pairwise global alignments, while Figure 1b corresponds to a multiple sequence alignment (GCG pileup) and Gower distance measure. These sequences are used in the mumps molecular epidemiology field as a marker of the variability of virus strains. The colours represent an updated version of a previously published (Afzal et al., 1997) six-group classification obtained from multiple sequence alignment, using the number of substitutions per 100 bases as input to a UPGMA phylogenetic tree routine. In this example, the grouping in Figure 1a is clearly more discriminatory than that in Figure  1b , but also better reflects the existing classification. In addition, the distance violation criterion (sum of violations squared relative to sum of squares of target distances) was lower for the data sets in Figure 1a . Figure 2 is a three-dimensional data set summarizing the pairwise alignment Sellers distance measures between 41 prion protein sequences. These were obtained using the human prion protein sequence ujhu.pir1 as a query in a GCG FASTA search of the PIR databank. Simple inspection of the data set suggests groupings which turn out to be species type specific. The green and yellow single points are sequences for rat and rabbit prions, respectively. The closest neighbours of the rat sequence are the cyan-coloured group of mouse and hamster sequences. The blue group contains goat, kudu, sheep and cow sequences, and also an isolated mink sequence. The large magenta group contains solely primate sequences. The well-separated orange group represents chicken prion sequences.
Thus, use of pairwise alignments and distance geometry for three-dimensional data set creation is both feasible and useful. It should also be noted that the distance geometry calculation time is less than that required for the initial step of creating the pairwise alignments or for many multiple sequence alignment methods.
